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Density functional theory calculations reveal that addingetallic overlayer on LaAl@SrTiO;(001) alters
significantly the electric field within the polar LaAKJilm. For Al or Ti metal contacts the electric field is elim-
inated, leading to a suppression of the thickness-depeimugriator-to-metal transition observed in uncovered
films. Independent of the LaAlOthickness, both the surface and the interface are metaitib,an enhanced
carrier density at the interface relative to LaAISITiOs(001) after the metallization transition. Monolayer
thick contacts of Ti develop a finite magnetic moment and ftria SrTiO; substrate induce a spin-polarized
two-dimensional electron gas at theype interface, due to confinement effects in the SgTeab. For tran-
sition and noble metal contacts (Cu, Ag, Au) a finite and evemaaced (Au) internal electric field develops
within LaAlOs. Results for a representative series of metallic overagerLaAlO;/SrTiOs(001) (Na, Al; Ti,
Fe, Co, Pt; Cu, Ag, Au) reveal broad variation of band aligntmsize of Schottky barrier and carrier concentra-
tion at the LaAIQ/SrTiO3(001) interface. The identified relationship to the size offnfunction of the metal
on LaAIOs provides guidelines how the carrier density at the LaABTiOs interface can be controlled by the
choice of the metal contact.

PACS numbers: 73.20.-r,71.30.+h,73.40.Qv,77.55.-g

I. INTRODUCTION LaAlO3(001)837 or BaTiO;(001)83% A further area of re-
search is the magnetoelectric coupling between ferronegne

. . Fe and Co films and ferroelectric BaTlj@nd PbTiQ(001)-
The (001) interface between the band insulators LaAIO o | . og0.41 However, the impact of a metallic overlayer on

E)#Aggvzrdfuﬁggaﬁzg) tﬁ;?vf;ns ;e.;ir:eark;[blgxﬁjxear?ﬁtlgrs_ a buried oxide interface has not been addressed so far theore

faces, including a two-dimensional electron gas (2DEG) ically.
superconductivity; magnetisrm and even signatures of their
coexistenc&®. A further intriguing feature is the thickness-
dependent transition from insulating to conducting betavi
in thin LaAlO; films on SrTiG(001) at~ 4 monolayers
(ML) LAO . This insulator-to-metal transition (MIT) can be
controlled reversibly via an electric field, e.g. by an atomi
force microscopy (AFM) tig1° or by an additional STO
capping layer that can trigger the MIT already at 2 ML of
LAO and thereby stabilize an electron-hole bildyerDen-
sity functional theory calculations (DFT) have demongtat

the emergence of an internal electric field for thin polar LAO it metallic contact. Although bulk Ti is nonmagnetic, time u

overlayers®~hat is partially screened by a strong lattice po- e o ordinated Ti in the contact layer shows an enhanced ten
larization in the LAO filmt31€ This lattice screening allows dency towards magnetism with a significant spin polarizatio

several layers of LAO to remain insulating before an elec-; 4 2 magnetic moment of 0.6@. Most interestingly, quan-

tronic reconstruction takes. place at aFOU”d.4'5 monolayerﬁjm confinement within the STO-substrate can induce spin-
of LAO. Recent AFM experiments provide evidence for suchyq ;a4 carriers at the interface. Furthermore, the émitie

an internal field in terms of a polarity-dependent asymmetry, s T contact layer thickness and the thermodynamic sta-
of the signal’, but x—ray photoemission studi€=’® have not bility are addressed

been able to detect shifts or broadening of core-level spect '
that would reflect an internal electric field. This discrepan
implies that besides the electronic reconstruction, esitief-

fects play a role, e.g. oxygen qefe?été,z, adsorbates such as  esjdes Ti in Section IV we extend our study to a variety
water or hydrogef? or cation disordéf?® (for dleta|lezd re-  of metallic contacts: Al and Na as simple metals; Fe, Co and
views on the experimental and theoretical work'$€&). Pt to supplement the Ti study and show the variations occur-

The LAO/STO system is not only of fundamental scientific ring within the class of transition metals and finally, the no
interest, but is also a promising candidate for the devetagm ble metals Cu, Ag, and Au, that display a remarkably differ-
of electronics and spintronics deviég®. For its incorpora- ent behavior. These results demonstrate that the propeitie
tion in such devices the influence of metallic leads needsto bLAO/STO(001) can be tuned by the choice of metal contact
considered 33 Metallic overlayers have been investigatedand we identify the mechanisms associated with these broad
on a variety of perovskite surfaces, such as Sg{@01y43%  variations in characteristics.

Density functional theory calculations for Ti as an example
for a conventional metal contact, show that it not only pro-
vides a Schottky barrier, but also has a crucial influence on
the electronic properties of LAO/STO(001) as it removes the
internal electric field in the LAO film. Despite the lack of
a potential build up in the LAO layers, the underlying STO
layer is metallic with a significantly enhanced carrier camc
tration at then-type interface as compared to the system with-
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DFT calculations onnM/mLAQO/STO(001) were per-
formed using the all-electron full-potential linearizedga
mented plane wave (FP-LAPW) method in the WIEN2I
implementatiof? and the generalized gradient approxima
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tion (GGA)*® of the exchange-correlation potential. Here 5 ] = DIV 7 AT ”
n/m denotes the number of metallic overlayer/monolayers« 1 " , Tlose,  VRUMNIT
LAO and M is the type of metallic contact. We have testei .S % z W/\
the influence of an on-site Coulomb correction within the g gy " T~y
LDA/GGA+U approact with U = 5 eV andJ = 1eVap- ‘%‘(} WIS e e
plied on the Ti3d-states within STO antf = 7eVonthela 5 e\ > AN 3
4f states and found only small differences in the electron ¢ AN g VP ) mf p Ve en
behavior (see Section Ill). In order to avoid the emergen: j?% TS b : WIS
of a spurious electric field due to the periodic boundary col o . =
ditions, we have chosen a symmetric slab with LAO and =, {7 21 Oy [T
layers on both sides of the STO-substrate and a vacuum  © -F*'——“i 8""—‘“——"*
gion between the slab and its periodic images of at l&@At 2 *_W **—M
The lateral lattice parameter is set to the GGA equilibriur = LW 2w | PR 1 S8 020 [ R T
lattice constant of STO (3.9, slightly larger than the ex- B e 0 T e

perimental value 3.90§) and the atomic positions are fully
relaxed within tetragonal symmetry. To investigate theuinfl
ence of the STO-substrate thickness we have used two casel&. 1: (Color online) Layer resolved density of states (LBY®f
with 2.5 ML and 6.5 ML STO (denoted as thin and thick). a) 1Ti/4LAO/STO(001) and b) 1Ti/2LAO/STO(001) ( with thiT®
As will be shown below, we observe interesting effects due tgubstrate). The potential build up in the uncovered systtask

confinement in the STO part of the slab. line) is canceled in the ones with a Ti overlayer (filled are®)jidi-
tionally, there is a significant spin-polarization bothle surface Ti,

as well as the interface TiQayers in 1TilNLAO/STO(001).
Ill.  INFLUENCE OF A TI CONTACT ON LAO/STO(001)

layer) than formpso = 2 (0.10/0.24ip in IF/IF-1). Cal-
culations performed within GGAH for the latter case show
a similar behavior but with an enhanced spin-polarizatibn o

Fig. 1a shows the layer resolved density of stateg,qriers and magnetic moments of Ti of 0.20/0;39in the
(LDOS) of a single Ti overlayer on 4ML LAO/STO(001) |k F.1 |ayer, respectively. Thus correlation correctidrave
[1Ti/4LAO/STO(001)], where the Ti atoms are adsorbed ong | smajl influence on the overall band alignment, showing

top of the oxygen ions in the surface Al@ayer. A striking 4t the observed behavior is not affected by the well known

feature_ls that the elec'grlc field of the qncovered LAO film ,,nqerestimation of band gaps of LDA/GGA.

(black line), expressed in an upward shift of the@bands

and unoccupied Laf state$?, is eliminated after the adsorp-

tion of the Ti overlayer. In contrast to the insulator-métan- ) _ o .

sition that occurs in the uncovered LAO/STO(001), no depen- B. Thick STO substrate: orbital polarization of carriers

dence of the electronic properties on the LAO thickness-s ex

pected due to the vanishing electric field within the LAO laye ~ The calculations so far were performed with a rather thin

Indeed the LDOS of 1Ti/2LAO/STO(001) (Fig. 1b, only 2 substrate layer of 2.5 ML STO. To examine the depen-

LAO layers) confirms a very similar behavior with no shifts dence on the thickness of the substrate layer, we studied

of the O2p bands in the LAO part. Despite the lack of a po- 1Ti/2LAO/STO(001) containing a 6.5 ML thick STO part. As

tential build up, there is a considerable occupation of tH®IT  shown in Fig. 2a, the most prominent difference to the system

band at the interface and thus both the surface Ti layer and ttwith a thin STO layer is the suppression of magnetic moment

interface are metallic. This points to a charge transfenfidoe  of carriers at the interface, indicating that the spin-pa&tion

Ti adlayer allowing the Ti+LAO+STO system to equilibrate in is a result of confinement effects in the thin STO layer. Apart

charge and potential, with the result being that the Fermaille from this, a notable band bending occurs in the STO part of

lies just within the STO conduction band. the heterostructure. The largest occupation of thadTiband
The low coordination of the surface Ti atoms enhances theiarises at the LAO/STO(001) interface, followed by a decreas

tendency towards magnetism resulting in a magnetic momernihg occupation in deeper layers. The electron density; inte

of 0.6Qug in the surface layer. The electron gas at the inter-grated over states betweer E 0.5eV and & in Fig. 2b,

face is also spin-polarized with magnetic moments semeditiv  reveals orbital polarization of the Bid electrons in the con-

the thickness of the LAO-spacer: for, 40 = 4 the magnetic  duction band with predominantly,, character in the inter-

moments are smaller (0.05/0414 in the interface (IF)/IF-1 face layer, nearly degeneratg, occupation in IF-1, and a

A. Thin STO substrate: quantum confinement effects
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FIG. 3: (Color online) Layer resolved density of states (LBO
of 0.5, 2 and 3 ML To on 2LAO/STO(001) within GGA with a
6.5ML thick STO-substrate, showing similar band alighmasnfor
1Ti/2LAO/STO(001) (cf. Fig. 2) as well as a reduction of spin
polarization of Ti in the contact layer with increasing tiess.

FIG. 2: (Color online) a) Layer resolved density of stateBQS)
of 1Ti/2LAO/STO(001) within GGA with a 6.5ML thick STO-
substrate; b) Side view of the system with the electron dgnmsi
tegrated in the interval E— 0.5eV to Er, giving insight into the Ti
3d orbital occupation both at the surface and within SrTliO

contact the magnetization of Ti is quenched.

The Ti-O bond length reflects the bonding strength between
the contact layer and the oxide and varies with thickness: th
shortest Ti-O bond length is in 0.5 ML Ti/2LAO/STO(001)
(1.87A), followed by 1 ML Ti (2.00) and much longer in 2
and 3 ML Tion 2LAO/STO(001) ( 2.08 and 2.05A, respec-
tively). Despite these differences in the structural andma
netic properties of the metallic overlayer, the occupatibn

masses indicate a significant disparity in mobilities ofcele ghe Ti3d band.alith(_a ir(;terfacelis Very Sf";‘."aé (Ccf)' fFigé4b), b.Ut
trons in the different,, orbitals. Similar multiple subband ecreases quicker in deeper layers within STO for 2 ML Ti.

structure has been recently reported for LAO/STO superlat- A interesting effect concerns the structural relaxations
ticed®4 5-doped LAO in ST® as well as doped STO(001)- LAO/STO(001) upon deposition of the metal overlayer. The

surface®%°. The remaining bands between -2.5eV and E layer resolved anion-cation buckling is shown in Fig. 4a. As
are associated with the surface Ti-layer. mentioned above, the system without electrodes (orangg lin

exhibits a strong lattice polarization within LAO, domiedt
by an outward relaxation of the cations, and a negligible po-
larization within the STO-substrdfe Adding the Ti overlayer
C. Effect of the Ti-contact layer thickness cancels the lattice polarization within LAO, but a signifita
polarization emerges within STO which is strongest at the in
In order to explore the effect of metallic contact thicknessterface and decreases in deeper layers. The formation of a
n we have performed calculations varying the Ti-amount indipole in STO goes hand in hand with the occupation/band-
the contact layer between 0.5 and 3 ML. The layer resolvedending of the Ti3d bands displayed in Fig. 4b and Fig. 3,
DOS for those cases is shown in Fig. 3. While the over+espectively. Furthermore, the layer resolved occupation
all band alignment within LAO/STO(001) remains nearly un- the Ti3d band correlates with the positions of ©core levels
changed, the main effect observed is the broadening of theith respect to the Fermi level (cf. Fig. 4c). The lowestsO
Ti-bands in the contact layer asincreases. The enhanced eigenvalue occurs at the interface, with the strongestitgnd
coordination number within the contact layer influences sig energy in the case of a Ti monolayer with a thin STO substrate
nificantly the tendency towards spin-polarization: thehleigt  (occupation ob.2e of the Ti3d orbitals). In the systems with
spin-polarization is observed for 0.5ML Ti (1.43), followed  a thick STO-substrate the O1s levels in deeper layers away
by 1ML Ti (0.60ug) (for comparison, the magnetic moment from the IF shift upwards and converge to a similar value in-
of afree standing Tilayer is 0.9@). Increasing the thickness dicative of the relaxation of the inner potential towardse th
of Ti to 2 ML (with Ti in the second layer positioned above bulk STO value.
Al in the surface AlQ-layer and La in the subsurface LaO-  Thermodynamic stabilityBesides the electronic properties
layer) leads to a significant reduction of the spin-poldiira  of Ti contacts an important aspect is whether the surfade wil
of the Ti film: the magnetic moment is 0.2 in the surface  be wetted by the metallic overlayer. We find that the ordered
and -0.1Q:g in the subsurface layer. Finally, in the 3ML-thick surface distribution of 0.5 ML Ti is energetically stronglis-

preferential occupation @i, d,. levels in the deeper layers.
The band structure plotted in Fig. 6 shows that the conduactio
band minimum is at th€-point, formed byi,,, states of Ti in
the interface TiQ-layer. While thed,, bands have a strong
dispersion, the, ., d,,. bands lie slightly higher in energy but
are much heavier along tHé— X direction. In addition to
the orbital polarization of the filled bands, the differeani
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FIG. 4. (Color online) a) Cation-anion bucklingAz in

nTi/2LAO/STO(001),7=0.5-3 ML. Note that the strong lattice po-
larization within LAO for 3 and 4 ML LAO/STO(001) is strongly
suppressed once the metallic contact is added; b) Layelveesdi

3d band occupation integrated betweBr — 0.65 eV and Er for
M/2LAO/STO(001) 1ML Ti and thin (green stars)/thick STO sub-
strate (black squares); 2ML Ti (magenta diamonds), as weel\L

Pt (blue triangles) and 1ML Al (red circles). b) Positions@fs
states with respect t&. In 0.5 ML Ti, there are two different oxy-
gen sites in the top Al@layer with and without Ti on top that exhibit
different properties.

favored by 1.84 eV with respect to the formation of 1ML high
Ti islands covering 5% of the surface. On the other hand the
formation of a closed 1ML Ti film is 0.54 eV less stable than
the formation of 2ML islands on the LAO/STO(001) surface.
No further energy gain is obtained for the growth of higher,
e.g. 3ML islands, indicating that already the 2ML islands ar
thermodynamically stable. We note that using state-ofattie

techniques like molecular beam epitaxy and pulsed layer de-

position it is possible to grow metal monolayers away from
thermodynamic equilibrium.

IV. TRENDS FOR DIFFERENT METALLIC CONTACTS

Besides Ti, we have extended our study to a variety o
metallic contacts ranging from simple metals as Al and Na
to transition metals (Fe, Co, Pt) and noble metals (Cu, Ag an
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FIG. 5: (Color online) Layer resolved DOS af/2LAO/STO(001),
M=Al, Fe, Co, Cu, Ag, Pt and Au monolayer thick contacts. Note
that the internal electric field in the LAO film is canceled fda
and Al, strongly suppressed but increasing in the series ffe to

Pt and significantly enhanced compared to the uncovered dilrarf
Au contact.

d

Au). The results are summarized in Table | and displayed in
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FIG. 6: Majority-spin band structures for Al, Ti, Fe, Co, Q\g, Pt

and Au contacts. The Bd bands in the interface TiQlayer are em-

phasized by circles with thé,, orbital being the lowest lying level

atT. The highest occupation of the Ji band at the LAO/STO(001) FIG. 7: a) Cation-anion bucklingsz in M/2LAO/STO(001). Note
interface is observed for an Al contact and decreases indhiess that the strong lattice polarization within LAO for 3 and 4 ML
Finally, for Au it lies even above the Fermi level. LAO/STO(001) is strongly suppressed once the metallic axins
added; b) Layer resolved Bid band occupation integrated between
Er — 0.65 eV and Er for M/2LAO/STO(001) 1ML Ti and thin
(green stars)/thick STO substrate (black squares); 2MIniGigenta

Figs. 5-7. While the most striking behavior seen for the Tldiamonds), as well as IML Pt (blue triangles) and 1ML Al (rérd ¢

contact — strong reduction, in fact almost perfect cantiefia . .
of the electric field within LAO and a formation of a 2DEG at ﬁlee:r)l. Note that charge on the Aldayer next to the interface is

. . y vanishing in all cases, charge on the AO layers is @aob
the LAO/STO interface — mlght_ b_e ex_pected for all electrodesshown)_ b) Positions of O; states with respect tB.
we will demonstrate broad variation in these features.

Variation in the spectrum. The LDOS plots in Fig. 5 show
that the potential buildup within LAO is eliminated for Al as
was found for Ti. For the case of Fe there is a small elec3d band at the interface remains above the Fermi level (see
tric field in LAO, visible in upward shifts of the empty La Fig. 6). With the Fermi level of Au within the STO gap,
4f bands in subsequent layers towards the surface, which b&harge transfer between Au and the interface is precluded.
comes successively larger for Co and Pt (and of the same sighf'€ Au contact provides the limiting case of vanishing cearg
as for the uncapped LAO surface). Note that in these systenfXchange between metal and interface, though the surfaice an
the O2p bands within LAO do not shift, instead metal induced the interface may still be coupled in other ways, through
gap states appear in the topmost Al@yer. Evidently there the potentials, which depend on band lineups and dipole lay-
is no necessity for a vanishing electric field in LAO. For Cu, €rs-
Ag and especially for Au contacts, the field in LAO is large. As mentioned already for Ti contacts, the trends irBdi
For Au it is evenlarger than for the uncovered surface (0.85 band occupation within STO correlate with the position of O
vs. 0.65 eV per LAO cell). Thus the metal contact layer need s states: The Qs binding energy is highest in the interface
not eliminate the field in LAO; it most often reduces it, some-TiO,-layer in case of an Al contact and lowest for an Au con-
times strongly; in contrast, for Au, the internal field in LA®  tact (cf. Fig. 7c). These quantitative differences are ciased
enhanced. with variations in the chemical bond between the metal over-
Carriers at the interface. The highest Ti3d band occu- layer and the surface AlJayer: e.g.the bonding is strongly

pation (largest electronic carrier density) at the integfésee ionic in the case of Na and Al with a significant charge trans-
Fig. 7b) is found for an Al contact, followed by Ti, Fe, Co, fer from the metal to O and is much weaker for a Cu, Pt, Ag
Cu and Pt contacts, and then Ag exhibits the lowest occupaand Au overlayer. There is also a sizable change in bond dis-
tion. The system with an Au contact is an exception as the Tiances within the series from 1A7Al) to 3.05A (Au) (see



. . _ _ lic contacts affects significantly the structural relagas in
TABLEI: F,)mpert'es 0f M/2L AO/STO(001) withn ML of metaliic LAO/STO(001). For the cases where the internal electrid fiel
contactM: Bond length distancd,;—o between the metallic con- ithin LAO | led (AL Ti). th . tion bucki
tact and oxygen in the top AlOlayer, bucklingAz and Ti3d band within IS cancele (Al, ')’, € anion-cation buckling

within LAO is small and of opposite sign to the uncovered film

occupationnE, in the interface Ti@ layer (within the muffin-tin - ) .
sphere integrated betweem E- 0.5eV to Er); total occupation of  (See Fig. 7). For Fe, Co, Cu, Bt= switches sign and succes-

the Ti 3d band throughout ST@!%; work function® andp-type  Sively grows. Finally, Ag and Au show a lattice polarization
Schottky barrier oh M /2LAO/STO(001). within LAO of similar amount to the uncovered films. On the
other hand, the occupation of the3d band at the LAO/STO

nM_ du-o AzA nii. () ni%(e) ®(€V) p-SBH interface is associated with a significant polarizationtia t

INa 243 -0.12 0.05 022 3.39 2.3 STO substrate. The displacement between anions and cations
i$| ;gg 'g'ig gig 8':;:81 igg 32 is driven mainly by an outward oxygen shift and is largest in

| . -0. . . . . . : - o .
1Fe 502 014 0.08 0.32 4.54 24 the interface Ti@ layer (—0.20A for an Al or Ti contact and

vanishing for an Au contact) and decays in deeper layers away

1Co 2.00 -0.11 0.07 0.30 4.74 2.3 ? . .

1pt 231  -0.08 0.04 0.16 559 > o fromthe interface. This relaxation pattern resegnbles tiee o
T 516 0.07 0.03 018 536 5 5 Of n-type LAO/STO and LTO/STO superlatticés?

1Ag 264 -0.04 0.02 0.12 5.02 1.8

1Au 3.05 0.00 0.00 0.01 5.94 0.8

0.5Ti 1.87 -0.14 0.11 0.38 2.96 2.5

1Ti 2.00 -0.19 0.13 0.41 4.05 2.8

2Ti 206 -0.18 0.12 0.16 4.05 2.8

3Ti 205 -017 0.13 0.47 4.31 2.8 A. Schottky barrier height and work function

The distinct mechanisms of formation of a 2DEG in
LAO/STO(001) with and without a metallic contact are dis-
a) b) played in the schematic band diagram in Fig. 8. For
® LAO/STO(001) a thickness dependent MIT occurs as a result
of the potential buildup, where the electronic reconstauct
comprises both formation of holes at the surface and elestro

. InsBH 4 at the interfact-*3 In contrast, forM//LAO/STO(001) for
F I p-SBH M = Na, Al, Ti, the potential in LAQO is flat regardless of the
LAO or STO thickness. Simultaneously, a 2DEG with higher

M . L . L.
carrier density is formed at the interface. For the latedition

metals and especially for the noble metals, due to a weaker
bonding and smaller/vanishing charge transfer to the oxide

FIG. 8: Schematic band diagram of a) LAO/STO(001) at the ererg layer, a finite slope within LAO remains, consistent with the
of an electronic reconstruction at the critical LAO thickse b)  recently reported potential build up in Pt/LAO/STO(0%1)

LAO/STO(001) covered by a metallic contact lay@d). Note, that . .
the potential build up that leads to an electronic recoutit in the The Schottky barrier height (SBH) between the metal and

uncovered LAO/STO(001) system at the critical thicknessrisngly ~ the oxide film is an important quantity for electronics apat
reduced/eliminated id//LAO/STO(001) except for the case of no- tions which depends critically on the type of metal, the chem
ble metal electrodes. ical bonding characteristics and the work function (seg
Ref. [35]). Thep-SBH determined from the LDOS varies
from 3.0 eV (Al) to 0.8 eV (Au) (see Table I). The values

also Table I) related to the size of the metal atom but also théor Al (3.0 eV) and Pt (2.2) eV are close to DFT-values ob-
bond strength. tained for Al and Pt on LAO(00£Y (2.8 and 1.5 eV, respec-

Magnetism. In contrast to the noble metals, for Pt thé  tively). We note that the absolute values of both theand
band is not completely occupied, and a spin-polarization oespecially the:-SBH are influenced by the band gap problem
0.49:p results, as seen also in the case of Ti (@80 another  of GGA as well as the LAO thickness of only 2 MLs, however
transition metal that is not magnetic in bulk. It is not unecom we concentrate here on the relative trends within the sefies
mon for monolayers of even non-magnetic transition metalslifferent metal contacts which are correctly reproducele T
to show surface magnetism, since the reduced coordinatiotonduction band offset between the contact and LASRH,
narrows the bandwidth (seeg.Ref.[50]). Analogously, the which can be obtained as a difference between the experimen-
magnetic moments of the Fe (2/84) and Co (2.04g) mono-  tal band gap of LAO (5.6 eV) and thetype SBH) scales with
layers are enhanced w.r.t. the bulk values. However, even fahe work function of the system that varies from 3.39 eV (Na)
these stronger magnets, when the STO substrate is thick no 5.94 eV (Au). The conduction band alignment between
noticeable spin-polarization is induced in the 2DEG . LAO and STO whichis influenced by the formation of a Shot-

Sructural relaxations. As already discussed for tky barrier betweed/ and LAO and shows also a strong vari-
nTi/2LAO/STO(001) (see Section Ill), the presence of metal-ation.

SITiO 4 LaAlO3 SITiO; LaAlO,



V. EMERGENCE OF THE GLOBAL BAND LINEUP rier density can be reduced by increasing the work functfon o
metalM on LAO to the limit of Au with its® ~ 6 eV, where

This variation in the basic properties opens up the fundalO carriers are transferred to the interface.
mental questions: what are the general principles and micro
scopic process that determine the band line-ups? A notewor-
thy observation is that Au has the largest work function of VI. SUMMARY
all the metals studied here (see Table I) and at the same time
produces the only case vvhere the Fermillevel lies within the summary, our DFT-results show that metallic contacts
band gap of the STO. This suggests a picture how the ovely

Il el . d band li hat s b imately change the electrostatic boundary conditionalb
all electronic structure and band lineups emerge that I8 boly,ing transfer of charge to the interface. Despite ana@®gi
consistent and predictive: due to the large work function o

. . - o the adsorption of hydrogen on LAO/STO(0&.xhere are

the Au contact, the Fermi level lies within the STO gap. As a1 ple differencese(g.the strong dependence of the poten-
consequence, no charge transfers f_rom thg 'T‘eta' contmtllaytim slope on coverage in the latter system). These differen
to thhe mter(;ace and the poter(;ual buildup v(\;|th|n ';fAO réM&IN e mphasize not only the importance of the electrostatic Boun
unc arge ’ ever;]mcrﬁasesl ueto (sjecon_ a(rjy ehects. ; ary condition83 but also of a detailed knowledge of structural

For lower®, when theM layer Is deposited, charge flows effacts and chemical bonding to LAO/STO(001) in order to
from the_ metal layer to the mterche, there.by.ﬁllmg Fhew' achieve better understanding and control device perfocman
c?nr:jucztg)gé)andhun“l:tr}ér{ Fermi level comm?e.?] with that ,The mechanisms identified here demonstrate that the choice
of the 2 at the IF. This rearrangement of charge can bt q5| contact represents a further powerful means to tune
quantified. Ifg amount OT charge per IF cell is t_ransferred the functionality at the LAO/STO(001) interface. Importan
from thM Iayerl to.the TiQ layer atr:he r|1F —a _dlstance.olf outcomes of this study are in (i) predicting a broad variagio
?‘“XJ“ 25LA0 att|2ceNparameteusr thec ?nggl_n potslntla in behavior at the///LAO/STO(001) system for a representa-
is AV = g x 2.5a/a” ~ 9.5 q eV. FOrnoc listed in Table | e gerieg of simple, transition and noble metals usedess el

AVisofthe or(_je.rof0-3 eVand _corrgsponds remar.kably We”trodes, and (ii) identifying the th&//LAO work function as
to the change in internal potential within LAO obtained self primary characteristic responsible for this variation.

consistently as well as the variation in work function withi
the class of\/ contacts that has been studied.
As the Fermi levels in the system align, the dipole at the IF

is altered and band bending occurs within STO near the IF, as Acknowledgments
well as some feedback on the Schottky barrier and the work
function. The lattice polarization within LAO that screghs We acknowledge discussions with J. Mannhart and finan-

internal field also reduces proportionally. While some sec-ial support through the DFG SFB/TR80 (project C3) and
ondary effects are difficult to quantify, the calculatedutes  granth0721for computational time at the Leibniz Rechenzen-
are consistent, quantitatively, with this process of $iteddion  trum. V. G. R. acknowledges financial support from CONA-
of the overall band lineups and carrier densities. The lesic  CYT (Mexico) and DAAD (Germany). W. E. P. was sup-

sign principle identified here is: use a low work function if a ported by U.S. Department of Energy Grant No. DE-FG02-
high carrier density 2DEG at the IF is desired. V.v., the car0O4ER46111.

* Electronic address:0ssi t zap@ rmu. de °EBi,D.F. Bogorin, C. Cen, C. W. Bark, J.-W. Park, C.-B. Eom,

1 A. Ohtomo and H. Y. Hwang, Natur27, 423 (2004). and J. Levy, Appl. Phys. Let®7, 173110 (2010).

2 N. Reyren, S. Thiel, A. D. Caviglia, L. F. Kourkoutis, G. Haram  ° Y. Z. Chen, J. L. Zhao, J. R. Sun, N. Pryds, and B. G. Shen, Appl.
C. Richter, C. W. Schneider, T. Kopp, A.-S. Retschi, D. Jatica Phys. Lett97, 123102 (2010).
et al., Scienc@17, 1196 (2007). 11 R. Pentcheva, M. Huijben, K. Otte, W. E. Pickett, J. E. Kleiler,

3 A. Brinkman, M. Huijben, M. van Zalk, J. Huijben, U. Zeitler, J. Huijben, H. Boschker, D. Kockmann, W. Siemons, G. Koster,
J. C. Maan, W. G. van der Wiel, G. Rijnders, D. H. A. Blank, and et al., Phys. Rev. Letl.04, 166804 (2010).

H. Hilgenkamp, Nature Mate6, 493 (2007). 12 3. Ishibashi and K. Terakura, J. Phys. Soc. J@n104706 (2008).

4 D. A. Dikin, M. Mehta, C. W. Bark, C. M. Folkman, C. B. Eom, % R. Pentcheva and W. E. Pickett, Phys. Rev. L&f2, 107602
and V. Chandrasekhar, Phys. Rev. L&@7, 056802 (2011). (2009).

5 L. Li, C. Richter, J. Mannhart, and R. C. Ashoori, Nature Rtyys 4 R. Pentcheva and W. E. Pickett, J. Phys.: Condens. Magier
7, 762 (2011). 043001 (2010).

6 J. A. Bert, B. Kalisky, C. Bell, M. Kim, Y. Hikita, H. Y. Hwang, *® W.-J. Son, E. Cho, B. Lee, J. Lee, and S. Han, Phys. R&8,B
and K. A. Moler, Nature Physicg 767 (2011). 245411 (2009).

”'S. Thiel, G. Hammerl, A. Schmehl, C. W. Schneider, and'® S. A. Pauli, S. J. Leake, B. Delley, M. Bjorck, C. W. Schnejde
J. Mannhart, Sciencgl3 1942 (2006). C. M. Schlepiitz, D. Martoccia, S. Paetel, J. Mannhart, arRl. P

8 C. Cen, S. Thiel, G. Hammerl, C. W. Schneider, K. E. Andersen, Willmott, Phys. Rev. Lettl06 036101 (2011).
C. S. Hellberg, J. Mannhart, and J. Levy, Nature Mafer298 17y, Xie, C. Bell, T. Yajima, Y. Hikita, and H. Y. Hwang, Nano Ltet
(2008). 10, 2588 (2010).



18 Y. Segal, J. H. Ngai, J. W. Reiner, F. J. Walker, and C. H. Ahn,3* A. Asthagiri and D. S. Sholl, J. Chem. Phyd.6 9914 (2002).

Phys. Rev. B30, 241107(R) (2009). % M. Mrovec, J.-M. Albina, B. Meyer, and C. Elsasser, Physv.Re
19'M. Sing, G. Berner, K. Go, A. Milller, A. Ruff, A. Wetscherek, B 79, 245121 (2009).

S. Thiel, J. Mannhart, S. A. Pauli, C. W. Schneider, et alysPh 36 A Asthagiri and D. S. Sholl, Phys. Rev. 8, 125432 (2006).

Rev. Lett.102 176805 (2009). STY. E Dong, Y. Y. Mi, Y. P. Feng, A. C. H. Huan, and S. J. Wang,
20 5. A. Chambers, M. H. Engelhard, V. Shutthanandan, Z. Zhua, Appl. Phys. Lett89, 122115 (2006).

T. C. Droubaya, L. Qiao, P. V. Sushko, T. Feng, H. D. Lee,®® N. Sai, A. M. Kolpak, and A. M. Rappe, Phys. Rev. B,

T. Gustafsson, et al., Surface Science Ref@8t817 (2010). 020101(R) (2005).

21 7. Zhong, P. X. Xu, and P. J. Kelly, Phys. Rev.&, 165127 *° M. Stengel, D. Vanderbilt, and N. A. Spaldin, Phys. Rev8®
(2010). 224110 (2009).

22 N. C. Bristowe, P. B. Littlewood, and E. Artacho, Phys. Rev. B*° C.-G. Duan, S. S. Jaswal, and E. Y. Tsymbal, Phys. Rev. 9#tt.
83, 205405 (2011). 047201 (2006).

2 W.-J. Son, E. Cho, J. Lee, and S. Han, J. Phys.: Condens.Matté' M. Fechner, I. V. Maznichenko, S. Ostanin, A. Ernst, J. Henk,
22, 315501 (2010). P. Bruno, and |. Mertig, Phys. Rev. B, 212406 (2008).

24 p.R. Willmott, S. A. Pauli, R. Herger, C. M. Schlepiitz, D.ftte-  *? P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, and J. Luitz,
cia, B. D. Patterson, B. Delley, R. Clarke, D. Kumah, C. Canc Wen2k, an augmented plane wave plus local orbitals program
et al., Phys. Rev. Letf9, 155502 (2007). for calculating crystal properties, (Karlheinz Schwarz, Technis-
%5 |, Qiao, T. C. Droubay, V. Shutthanandan, Z. Zhu, P. V. Sushko  che Universitat Wien, Austria, 2001).
and S. A. Chambers, J. Phys.: Condens. Ma®2r 312201 43 3. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&ft.

(2010). 3865 (1996).
26 M. Huijpen, A. Brinkman, G. Koster, G. Rijnders, * V.. Anisimov, |. V. Solovyev, M. A. Korotin, M. T. Czyzyk, iad

H. Hilgenkamp, and D. H. A. Blank, Adv. MateRl1, 1665 G. A. Sawatzky, Phys. Rev. 83, 16929 (1993).

(2009). 45 7.S.Popovit, S. Satpathy, and R. M. Martin, Phys. Rev. 1€t
27 H. Chen, A. M. Kolpak, and S. Ismail-Beigi, Adv. Mat&2, 2881 256801 (2008).

(2010). 46 K. Janicka, J. P. Velev, and E. Y. Tsymbal, Phys. Rev. L,
28 p, Zubko, S. Gariglio, M. Gabay, P. Ghosez, and J.-M. Triscon 106803 (2009).

Annu. Rev. Condens. Matter Phy.141 (2011). 47 P, V. Ong, J. Lee, and W. E. Pickett, Phys. Rev8B 193106
2 3, Mannhart and D. G. Schlom, Scier&27, 1607 (2010). (2011).

%0 G. Cheng, P. F. Siles, F. Bi, C. Cen, D. F. Bogorin, C. W. Bark, “® A. F. Santander-Syro, O. Copie, T. Kondo, F. Fortuna, ShBail
C. M. Folkman, J.-W. Park, C.-B. Eom, G. Medeiros-Ribeiro, R. Weht, X. G. Qiu, F. Bertran, A. Nicolaou, A. Taleb-Ibraljm
et al., Nature Nanotechnolo@y 343 (2011). et al., Naturet69 189 (2011).

81 R, Jany, M. Breitschaft, G. Hammerl, A. Horsche, C. Richter,*® W. Meevasana, P. D. C. King, R. H. He, S.-K. Mo, M. Hashimoto,
S. Paetel, J. Mannhart, N. Stucki, N. Reyren, S. Garigli@let A. Tamai, P. Songsiriritthigul, F. Baumberger, and Z.-Xe8h
Appl. Phys. Lett96, 183504 (2010). Nature Mater10, 114 (2011).

%2 G. Singh-Bhalla, C. Bell, J. Ravichandran, W. Siemons, ¥itdj  %° R. Pentcheva and M. Scheffler, Phys. Re%1B2211 (2000).

S. Salahuddin, A. F. Hebard, H. Y. Hwang, and R. Ramesh, Watur® R. Pentcheva and W. E. Pickett, Phys. Rev7&.205106 (2008).
Physics7, 80 (2011). 52 3. Okamoto, A. J. Millis, and N. A. Spaldin, Phys. Rev. L6,

% 7. Q. Liu, D. P. Leusink, W. M. Lu, X. Wang, X. P. Yang, 056802 (2006).

K. Gopinadhan, A. Annadi, S. Dhar, Y. P. Feng, H. B. Su, et al.,® M. Stengel, Phys. Rev. Lett06, 136803 (2011).
arXiv:1011.2629v1 (2010).



